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Abstract
Models for the soil-plant-atmosphere system, especially large scale models, frequently ignore interactions with 
underlying groundwater, and ignore fractures or macropores which may strongly influence the system response. 
Unsaturated fractured porous media can exhibit a range of behavior, depending on both the characteristics of the
porous matrix and the fractures, and the climatic conditions to which they are subject. A dominant characteristic in
surficial fractured porous geological formations is the vertical distribution of fractures in the near surface region. This 
paper explores how these different modes of behavior operate at various field sites and under different climatic
conditions. Two diverse fractured porous settings are considered: fractured glacial till of the semi-arid, seasonally 
frozen Canadian prairies and the Chalk in humid, temperate south east England. Interpretations from hypothetical
hillslope scale model simulations provide insights into how the properties of the material, and in particular the
distribution of the fractures and the matrix hydraulic conductivity, affect the spatial distribution of evapotranspiration 
and the timing, magnitude and spatial distribution of groundwater recharge. Such behavior is not captured in 
conventional large scale models which consider only a shallow, one-dimensional soil moisture balance.
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1. Introduction 
The soil-plant-atmosphere system represents an important interface between the land and the 
atmosphere, in which water and energy are partitioned into various stores and between various fluxes. 
However, this is an open system whose domain boundaries are essentially selected for convenience. In 
particular, in the subsurface, water is present continuously between the soil, unsaturated zone and 
saturated zone. The water table is merely the plane at which pore water pressure is atmospheric. Water 
that escapes the pull of evaporation moves with gravity, vertically downwards if unimpeded, and 
otherwise laterally above lower permeability strata (including the saturated lens that develops above the 
bedrock, known as an unconfined aquifer). Decoupling of the soil from the lower subsurface moisture is 
commonplace, for example in almost all of the Land Surface Models used within global and regional 
climate models [e.g. 1]. However, this assumption is rarely justified or even acknowledged, and may in 
some cases be inappropriate, where deep storage and vertical and lateral subsurface fluxes of water exert 
a significant feedback on the shallow infiltration and evaporation processes.  
Another feature of the subsurface that is ignored in many large scale models is the presence of 
preferential flow pathways. In the soil these can be due to cracks (associated with desiccation), root 
channels, worm holes and other biologically induced macropores, and in the underlying strata these may 
include fractures which extend to significant depths (tens of meters and beyond) [2].  
In this paper we aim to examine the implications of both of these features (i.e. feedbacks from the 
deeper subsurface and preferential flow pathways) on lateral subsurface flows, groundwater recharge and 
evaporation processes. We consider two diverse field settings: the Chalk landscape of south east England, 
and the clay-rich Glacial Till landscape of the Canadian prairies. The Chalk is located in a humid climate 
with negligible snow/soil freezing, whilst the prairie semi-arid climate, and hydrological processes are 
dominated by seasonal freezing and snowmelt. However, what these landscapes have in common, as well 
as the fact they are both extensively cultivated, is that they are underlain by fractured porous geology. In 
Section 2 we provide a description of our model that will be applied to the two field sites. Field sites are 
described in Section 3. In Section 4 the results from a series of hillslope simulations at each site will be 
presented, and in Section 5 insights from this study will be discussed. 
2. A model for flow in fractured porous media 
In this paper we apply the numerical model that was initially developed to quantify 1D recharge in the 
Chalk [3], and later extended to a 2D Chalk hillslope [4]. This is a dual permeability, two-dimensional 
Full details of the model are given in these references [3, 4]. Beven and Germann [2] are critical of 
Rich
-state conditions), and in unsaturated conditions in 
heterogeneous media. Nonetheless, these remain the most commonly applied modelling methods, and 
some studies have found them to be consistent with field observations [e.g. 3]. 
The model configuration and boundary conditions for each field site are described in Section 3. The 
main model assumption is that water within the fractures and matrix is in local equilibrium. That is, 
exchanges within a control volume (i.e. grid cell) between the fractures and matrix are faster than the 
exchanges of water between control volumes. This assumption is not always valid, as discussed elsewhere 
[2, 5, 6]. Effective hydraulic parameters are defined using an equivalent continuum representation. The 
saturated hydraulic conductivity of the medium is assumed to be linearly proportional to the fracture 
porosity. The fracture porosity and conductivity reduce exponentially with depth, as a function of 
weathering. This results in a three-dimensional relationship between hydraulic conductivity, matric 
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potential and depth, which, we argue, is a fundamental control on the system response. The novel aspect 
of this model is the relationships that determine the hydraulic properties, and these equations are 
summarised in Appendix A. 
3. Field sites 
Groundwater in the Chalk of south east England supports numerous productive, high quality aquifers, 
but can also be subject to large, and sometimes rapid, water table rises that result in groundwater flooding 
[7]. Groundwater in the till does not form aquifers, but interacts with numerous wetlands (ponds) to 
supply vegetation with water for transpiration [8]. Both of these systems are overlain by cultivated 
agricultural land and thus the near-surface soil moisture regime and its interaction with deeper moisture is 
critical to crop growth. 
 
 
  
Fig. 1. Field observations for (a) Glacial Till and (b) Chalk profiles from which fracture distributions can be inferred. Glacial Till 
data are from [8, 9, 10] and Chalk data are from [3] 
Properties: The Glacial Till and Chalk are both fractured porous media. If appropriate measurements 
are taken at appropriate scales (i.e. representative elementary volumes) they provide information about 
the bulk properties (fractures plus matrix). For the Glacial Till, a variety of measurements [8, 9, 10] 
indicate that the bulk hydraulic conductivity declines exponentially with depth below ground until 
eventually the Till is very tight, with few fractures, and a bulk hydraulic conductivity equal to that of 
matrix. Fig 1 a) shows a fracture hydraulic conductivity profile that is consistent with the observation 
points, and the inferred fracture porosity. For the Chalk, water content measurements shown in Fig 1 b) 
were interpreted as evidence of an enhanced fracture porosity near the surface, and a fracture profile was 
fit to these and other near surface observations by inverse modeling using a 1D dual permeability 
[3]. From these published data, bulk hydraulic conductivity, matric potential 
depth relationships were constructed for the Till and the Chalk, as shown in Fig 2. Corresponding 
parameter values are given in Table 1, but it should be emphasized that these are highly uncertain for any 
given real world application. The main difference between the Till and the Chalk is the matrix hydraulic 
conductivity, which is roughly 2 orders of magnitude larger in the Chalk. This is represented by the 
a) Hydraulic conductivity profile in Glacial Till b) Water content profile in Chalk 
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plateau region on the right hand side in Fig 2, as matric potential reduces and depth increases. There are 
also differences between how the fracture conductivity is scaled with depth and matric potential. 
 
       
Fig. 2. Hydraulic conductivity as a function of matric potential and depth for the Glacial Till and Chalk 
Table 1. Model parameters for each field site 
Parameter Description Glacial Till Chalk Matrix Fractures Matrix Fractures 
Ks 
Saturated hydraulic 
conductivity 10
-5 m d-1 40 m d-1 5x10-4 m d-1 40 m d-1 
s Saturated water content 0.46 1 0.35 1 
r Residual water content 0.03 0 0 0 
Surface matric potential at 
5% saturation -121.8 m -20 m -95.2 m -40.2 m 
 Deep matric potential at 5% saturatation -121.8 m -5 m -95.2 m -1.29 m 
 Matric potential at 95% saturaton -0.6292 m -0.1 m -14.1 m -0.1 m 
Tortuosity factor 0.5 2.75 0.5 4 
Ss Specific storage 10-6 m-1 0 10-6 m-1 0 
Scaling 
parameters 
 Prairies (clay-rich till) Chalk 
wf0 Surface fracture porosity 0.1 0.12 
wf  Deep fracture porosity 0 0.01 
b Fracture scaling parameter -1 -0.9 
 
Climate: The Canadian prairies are seasonally frozen [11] and semi-arid. Potential evaporation, of the 
order of 700-800 mm/year, exceeds precipitation, of the order 300-500 mm/year, of which around one-
third is snow during the winter. Mean temperature in January is -19°C, and in July is 18°C [8], and the 
soils freeze down to depths of the order of 1 m for much of the winter months (roughly November to 
April). By contrast, in south east of England, rainfall, of the order of 700 mm/year, normally exceeds 
potential evaporation, of the order of 500-600 mm/year.  
Hillslope configuration: For each setting, a hypothetical 2D hillslope transect simulation was 
performed. The objective of the simulations is to compare and contrast the effects of properties and 
climate on groundwater-soil-plant-atmosphere exchanges of water at each site. The geometry of the 
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transect was identical in both cases: 100 m long, 15 m deep at the hilltop, 10 m deep in the valley. The 
prairie landscape is comprised of many small, internally drained basins, where net precipitation is 
insufficient to develop regional drainage networks. Over the winter snow tends to accumulate in 
depressions on the landscape. During spring snowmelt runs off over frozen soils and forms ponds in the 
depressions. After the soil thaws, water in the depressions recharges the local, shallow aquifer within the 
fractured Till [8, 11]. In this paper, the winter period is dealt with in a very simplified manner. At a 
certain date, the top 1 m of the soil is assumed to freeze completely, such that the hydraulic 
conductivity/infiltration capacity goes to zero. Below 1 m depth, the subsurface water may redistribute 
due to gravity. All snow is assumed to fill the pond in the valley. Then, in spring (165 days later), the soil 
instantly thaws, and the pond water is able to infiltrate. The left hand, right hand and lower boundaries are 
all no flow boundaries, such that the only way water leaves the system is through evaporation, simulated 
for the summer months using a Feddes model identical to that applied by [3]. One year of typical summer 
rainfall and potential evaporation drive the model (taken from observations from 2003 at St Denis, 
Saskatchewan, Canada), and this annual cycle is repeated until the system approximately reaches a quasi-
steady-state. 
For the Chalk, there is no freezing of the soil and the landscape is well drained by groundwater 
discharging into streams. In the model therefore, a fixed head boundary in the valley (on the right hand 
boundary) is used to represent a spring, with the water table fixed below ground surface. The left hand 
and lower boundaries are both no flow boundaries. The model is driven using a complete year of 
observed rainfall and potential evaporation (taken from observations from 2005 in the Pang catchment, 40 
km west of London, UK), again cycled until quasi-steady-state is approximately reached. Water leaves 
the model domain as both spring discharge and evaporation. 
4. 4. Model results 
Simulation results in this study are hypothetical and are intended to broadly illustrate how diverse 
climatic and geological conditions affect the subsurface flow processes in fractured porous settings. In the 
case of the Chalk, the model has been previously used to reproduce field observations [3, 4, 5, 6]. The 
model has not been applied to the prairie landscape before, and these simulation results have not been 
validated against field observations. In this section we critically discuss the model behaviour in 
comparison with our understanding of how the prairie system functions. Seasonal water table  patterns for 
the Till and Chalk hillslopes are shown in Fig 3, and the spatial pattern of evaporation, changes in soil 
moisture and the water table and shown in Fig 4 for the Till and Fig 5 for the Chalk.  
For the Till hillslope the water table is dynamic in the valley bottom due to depression focussed 
recharge. There is a strong seasonal water table pattern, with the peak following snowmelt, and thereafter 
a gradual decline.  The hydraulic gradient in the saturated zone is away from the pond towards the hilltop, 
but the bulk hydraulic conductivity of the deep Till (where there are no fractures) is so low to be 
negligible in this simulation. This behaviour is consistent with our understanding of this system [8]. 
Beneath the hilltop the water table is effectively static, which is not realistic, since observations show that 
the water table away from the ponds is still seasonally dynamic [e.g. Fig 7 in 11]. The pond in the valley 
also maintains higher soil moisture contents in this region, forming a wetland, and resulting in high 
evaporation rates (equal to potential). Away from the valley bottom, rainfall only wets a shallow layer of 
soil, before being lost to evaporation. Evaporation away from the valley is much lower (~60% potential), 
because the soils are dry and the matrix permeability is too low to transmit water upwards from the water 
table. 
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Fig. 3. Seasonal water table response in the Glacial Till and Chalk hillslope transects 
 
 
Fig. 4. Simulated hillslope transect in Glacial till from the 
Canadian Prairies, showing spatial distribution of annual 
evaporation, seasonal change in water content and seasonal water 
table distribution, for a typical year. 
Fig. 5. Simulated hillslope transect in Chalk from south east 
England, showing spatial distribution of annual evaporation, 
seasonal change in water content and seasonal water table 
distribution, for a typical year. 
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For the Chalk hillslope, the groundwater system is almost perfectly reversed. Recharge is spatially 
distributed, and the water table is most dynamic beneath the hilltop, furthest away from the spring 
discharge point. Unlike for the Till, flow in the saturated zone is highly significant, and controlled by the 
deep fractures. The lateral gradient is typically from the hilltop to the valley. The reversed flow (from 
valley to hilltop, evident from the minimum water table profile) could occur in some real situations, but in 
this case is an artefact of the type 1 boundary used to represent the spring discharge. The other striking 
difference between the Till and the Chalk is the evaporation rates. The Chalk matrix has a sufficiently 
high hydraulic conductivity (of the order of 0.5  1 mm/d) that water can be drawn from significant 
depths to satisfy evaporative demand [3]. Hence there is very little water stress in the Chalk, and annual 
actual evaporation is never less than 95% potential. The final difference between the Till and the Chalk is 
the change in soil moisture, which is much lower in the Chalk (never more than around 0.15 compared to 
around 0.45 in the Till) but distributed over a deeper depth, as evident from the contour shading in Fig 4 
and Fig 5. 
conductive, so that rainfall that infiltrates is transmitted downwards further and faster, rather than 
increasing the shallow soil moisture content.  
Given the marked contrast between these two sites, a numerical experiment was conducted, which 
involved a) moving the Chalk hillslope into the Canadian prairies (i.e. the semi-arid climate, soil freeze-
thaw regime, and closed internal drainage to a pond), and b) moving the Glacial Till hillslope to south 
east England (with an English climate and spring discharge point). The results for a) are shown in Fig 6.  
 
 
  
Fig. 6. Simulated hillslope transect for a Chalk geology, 
hypothetically moved from the humid, temperature climate of 
south east England to the climate and landscape of the Canadian 
prairies. 
Fig. 7. Simulated hillslope transect for a Glacial Till geology, 
hypothetically moved from the semi-arid, seasonally frozen 
Canadian climate to the climate and landscape of south east 
England. 
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The model could not be run to quasi-steady-state conditions. Under a semi-arid climate, the Chalk 
matrix transmitted water up from depth which was then lost to evaporation, and the hillslope was hence 
unable to sustain a water table. The pond drains very rapidly after thawing. In the long run, almost all 
water in the profile would be 
very high and unable to sustain vegetation (a real world analogy might be the Chalk in the Negev desert). 
The fact that the prairies are in reality able to support a productive agricultural industry is perhaps in 
some measure a result of the properties of the Till, which keep what little water there is available 
relatively close to the ground surface. 
The results for experiment b) are shown in Fig 6. This is not entirely unrealistic  analogous 
soil/surficial geology can be found in south east England, notably the London Clay. The presence of an 
the ground surface, where the conductivity is high due to fracturing (see Fig 1 a). In this zone, water is 
transmitted laterally to the spring. There is also minimal water stress (actual evaporation is not less than 
99% potential), due to the relatively shallow water table, which keeps the soils wet (note, there will still 
be very negligible amounts of capillary rise in the matrix). However, whilst this landscape would be able 
to sustain agriculture, unlike the Chalk there would be no deep aquifers. 
5. Conclusions 
In this paper we have demonstrated how physically based models can be used to gain insights into the 
processes that operate in the groundwater-soil-plant-atmosphere continuum. Whilst the simulations are 
hypothetical, they can be used to develop ideas and refine understanding. These models should be 
considered as working hypothesis for how the system works. Here we have shown how the distribution of 
fractures combined with the conductivity of the matrix determine how a particular site functions. The two 
sites considered behave very differently, in some respects reflecting the classic differences between 
groundwater in arid and humid climates. In the Canadian Prairies, the Glacial Till prevents too much 
evaporative loss or loss of water to deep or lateral drainage, and hence there is sufficient soil moisture to 
sustain agriculture in an otherwise dry environment. Deeper fractures, or a more conductive matrix might 
lead to desertification. In south east England, the deep fractures lead to the development of important 
deep aquifers, whilst at the same time, the conductive matrix supplies capillary water to the soil to 
minimise water stress and maximise agricultural productivity.  
Large scale models of the soil-plant-atmosphere system [e.g. 1] perform a shallow soil moisture 
models. They do not represent how the soil water interacts with deeper water, including groundwater. 
This is likely to lead to poor simulations in groundwater dominated regions such as the Chalk in south 
east England. In the Canadian prairies these models may perform well on the upland/hilltop areas, but 
they are unable to represent the millions of small ponds, which we have shown have a strong influence on 
the distribution of evaporation across the landscape. We have also shown that in fractured porous media, 
the distribution of the fractures and the properties of the matrix have important effects on system 
response. It is necessary to explore whether effective lumped scale parameter sets can be established that 
enable large scale models to capture these responses. 
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Appendix A. The mathematical model 
The equivalent continuum dual permeability model used in this study has been more fully described in [3, 
4]. A finite volume approach with an unstructured mesh was combined with the MATLAB ODE solver, 
ODE15s, to solve ation. Following [Ireson et al. (2009)], hydraulic properties are defined 
using a modified Kosugi [13] model, given by Equations 1-11. All parameters are defined in Table 1. 
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